From the perspective of supply chain, benchmarking the embodied carbon flows and emissions landscape is to study the carbon footprint in supply chain production and process management. On the basis of the theory of a green supply chain, this paper conducted its research through the following steps. First, a multi-level supply chain model was proposed and established, and various sectors, production and management processes, and inputs and outputs of different resources were integrated into the supply chain network, and then divided into multiple levels. Second, a multi-level embodied carbon flow and emissions model was established through the Leontief Inverse. Third, based on the operation data of forestry-pulp and paper companies, the embodied carbon flows and emissions at all levels and sectors were estimated and analyzed. Finally, the dismantling and processing methods of complex carbon network structures were explored, the hot-spot carbon sources and paths were obtained, and the low-carbon innovation and development strategies were proposed. The research results show that: (1) Supply chain is a new idea and carrier to study the spatial and state changes of carbon, and also provides a platform for spatial landscape analysis of carbon; (2) The modeling and calculation of carbon flows and emissions offer a new solution of evaluating the environmental performance of companies with high pollution and emission such as forestry-pulp and paper companies, and provide the government effective technical support to implement environmental regulations and formulate carbon emission reduction policies.
Introduction
The concept of a green supply chain has been the focus of all participants since it was put forward by Michigan State University in 1996. Green supply chain refers to an organization adopting innovative practices and policies on the supply chain operation and management to ensure environmental sustainability [1] [2] [3] . In recent years, the government's environmental regulations have become more and more stringent [4] , and consumers are increasingly focused on environment-friendly products and services [5] . All these force companies to reduce the carbon footprint embodied in products and business operations and work harder to balance business performance and environmental performance [6, 7] .
The supply chain is a powerful tool for identifying key sectors, paths of resource flows and preserved information, and providing the foundation for carbon reduction coordination and optimal 
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Supply Chain and Its Multi-Level Division
In essence, the forestry-pulp and paper supply chain has become a multi-layer material circulation network connecting multiple sectors [20] . The sector in network modeling refers to a collection of one or more production and management processes or technical processes, and they are not completely corresponding to the actual production sector [21] . For analysis and calculation, the sector is represented as a node in the network, and the connections among the sectors are expressed as directional arrows. Based on the actual production and operation model of the forestry-pulp and paper integrated Stora Enso (Guangxi), this paper draws the network structure of forestry-pulp and paper supply chain, as shown in Figure 2 .
The sequential or parallel relations between many kinds of production processes and links, and cyclic utilization in a large amount of material resources result in complex network structures in the forestry-pulp and paper supply chain, including parallel branch structure and cyclic structure. The emergence of these complex structures further complicates the hierarchical classification and mapping of the forestry-pulp and paper industry supply chain [22] . Identifying and processing the 
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Supply Chain and Its Multi-Level Division
In essence, the forestry-pulp and paper supply chain has become a multi-layer material circulation network connecting multiple sectors [20] . The sector in network modeling refers to a collection of one or more production and management processes or technical processes, and they are not completely corresponding to the actual production sector [21] . For analysis and calculation, the sector is represented as a node in the network, and the connections among the sectors are expressed as directional arrows. Based on the actual production and operation model of the forestry-pulp and paper integrated Stora Enso (Guangxi), this paper draws the network structure of forestry-pulp and paper supply chain, as shown in Figure 2 . of level . The aim of separating the sectors and activities into different levels is to straighten out the complex input-output relationships between the various sectors in the supply chain, so that it is clear and clear. The results show that the forestry-pulp and paper supply chain is divided into 5 levels, which is a reasonable number as shown in Figure 3 . For the special parallel branching structure and loop structure, the appropriate network structure processing methods are used for processing as discussed in the discussion section. In Figure 2 , a square indicates one change, meaning production and operation. The circles on the left and right sides of the square represent the location, indicating the input of resources and the output of the product. The arrows represent carbon flows, the thick black arrows meaning the carbon flows in the main production process, the green arrows meaning the thermoelectric energy flows, the blue arrows meaning the input of the main external carbon source or the carbon source input caused by the main auxiliary equipment, and the light blue arrows meaning the main material of the product. The gray circles represent carbon dioxide emissions and the black circles represent carbon emissions from waste and wastewater. The sequential or parallel relations between many kinds of production processes and links, and cyclic utilization in a large amount of material resources result in complex network structures in the forestry-pulp and paper supply chain, including parallel branch structure and cyclic structure. The emergence of these complex structures further complicates the hierarchical classification and mapping of the forestry-pulp and paper industry supply chain [22] . Identifying and processing the network structure of the forestry-pulp and paper supply chain changes the complex network structure into a direct current structure [23] , facilitating the calculation of the embodied carbon flows and carbon emissions in the supply chain.
Based on the relationship between sectors and logistics, the different levels of the supply chain system are defined as L 0 , L 1 , · · · , L t · · · , L n , where L 0 represents the last level, product level, in the product life cycle. For example, the paper and paperboard are in level L 0 , and it is the output of level L 1 . The pulp comes from the output of level L 2 , and it is used as the material in the production of level L 1 . The aim of separating the sectors and activities into different levels is to straighten out the complex input-output relationships between the various sectors in the supply chain, so that it is clear and clear. The results show that the forestry-pulp and paper supply chain is divided into 5 levels, which is a reasonable number as shown in Figure 3 . For the special parallel branching structure and loop structure, the appropriate network structure processing methods are used for processing as discussed in the discussion section.
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The division of level should consider the interaction between various sectors in the supply chain. Closely linked activities of the internal supply chain, such as plant nurturing, cutting, fertilization and tending, are on the same level. From a macro perspective, the supply chain has the characteristics of input-output at all levels of production and management. From a micro perspective, it involves the participation of multiple sectors at each level. Based on the needs of modeling and analysis, the sector here may refer to a collection of one or more production steps in an actual production activity. Input-output means that a level of relevant sectors invests resources or semi-finished products for production activities, and the intermediate products may be used as resources into the next level of production activities. As a result, a multi-level supply chain network is established. The network structure of multi-level supply chain is shown in Figure 3 . It is to form input-output relations at different levels in the supply chain to meet the demands for the final product. In the multi-level supply chain network, the mapping relations among various sectors at all levels are driven by the demands for the final product, and the pull effect is reversed in the supply chain. Assuming that the final product demand in the market is , and is the sector and the corresponding product type, in order to meet the market demand of the final product, the multi-level supply chain network model is formed as follows: In Figure 2 , a square indicates one change, meaning production and operation. The circles on the left and right sides of the square represent the location, indicating the input of resources and the output of the product. The arrows represent carbon flows, the thick black arrows meaning the carbon flows in the main production process, the green arrows meaning the thermoelectric energy flows, the blue arrows meaning the input of the main external carbon source or the carbon source input caused by the main auxiliary equipment, and the light blue arrows meaning the main material of the product. The gray circles represent carbon dioxide emissions and the black circles represent carbon emissions from waste and wastewater.
The division of level should consider the interaction between various sectors in the supply chain. Closely linked activities of the internal supply chain, such as plant nurturing, cutting, fertilization and tending, are on the same level. From a macro perspective, the supply chain has the characteristics of input-output at all levels of production and management. From a micro perspective, it involves the participation of multiple sectors at each level. Based on the needs of modeling and analysis, the sector here may refer to a collection of one or more production steps in an actual production activity. Input-output means that a level of relevant sectors invests resources or semi-finished products for production activities, and the intermediate products may be used as resources into the next level of production activities. As a result, a multi-level supply chain network is established. The network structure of multi-level supply chain is shown in Figure 3 . It is to form input-output relations at different levels in the supply chain to meet the demands for the final product. In the multi-level supply chain network, the mapping relations among various sectors at all levels are driven by the demands for the final product, and the pull effect is reversed in the supply chain. Assuming that the final product demand in the market is y i , and i is the sector and the corresponding product type, in order to meet the market demand of the final product, the multi-level supply chain network model is formed as follows:
(1) 
represents the resource input of each level in the supply chain, and the resource input of each sector at the first level is X l = x l 1 , x l 2 , · · · , x l P ; P and Q represent the set of different sectors; L = (0, 1, · · · , l, · · · n) represents the set of different levels; A = A 0 , A 1 , · · · A l · · · , A n represents the resource mapping transfer matrix between sectors with input-output relations at different levels. The resource mapping transfer matrix of each sector at the first level is
, and a l pq represents technical transfer relations between sector p and q. The marks in the circle in Figure 3 correspond to the marks in Figure 2 , and some individual resources in Figure 2 are neglected in Figure 3 due to their minimal impact on carbon emissions.
Multi-Level Modeling of Embodied Carbon Flows and Carbon Emissions
According to the Leontief Inverse L = (I − A) −1 , L pq represents the total output (direct and indirect) from sector p that meets the demand of per unit output of sector q. The power series approximation of the Leontief Inverse is used to obtain the following [24] :
Observing each term of L power series expansion, it can be found that there is a A t = A t−1 A relation between them. From the perspective of multi-level supply chain network structure, there is a A t = A t−1 A relation between each level, that is, the products of each sector produced with raw materials will be put into the next production activity as raw materials.
The multi-level input-output model of supply chain can be built based on the Leontief Inverse. Assume that the final product demand in the market is y i , and i is the sector and the corresponding product type. To meet the market demand for the final product, the corresponding output modeling at each level of the supply chain is shown in Table 1 . Table 1 . Output model of sectors at different levels of supply chains.
Level
Output
The following is the definition of carbon emission: Definition 1. Direct carbon emission. It refers to carbon emission directly generated by production of relevant sectors at all levels of supply chain to obtain certain products or intermediate products.
Definition 2.
Carbon emission intensity. It refers to the number of units of direct carbon emission generated from production of each unit product. Carbon intensity is an effective way to find hot-source carbon sources in the supply chain and adopt targeted management measures.
":" represents all sectors and A s: , a vector quantity, represents input-output coefficient matrix between sector s and other sectors. D t s represents direct carbon emissions of semi-finished products produced by sector s at level D t s (D 1 s indicates direct carbon emission from sector s at level PL 1 to meet the needs of downstream sectors for products, and the needs of downstream sectors for products of sector s is A s: y). The direct carbon emission can be expressed as:
In the equation, g s is the carbon emission intensity of sector s, and it represents the direct carbon emission from unit product output and its size depends on the specific production process.
Based on the power series expansion of the Leontief inverse [25, 26] , the emission multiplier matrix can be obtained:
M can be expressed as:
where m pq represents the total emission of sector p generated by unit product output of sector q. M premultiplies the total product demands to obtain the total emission:
In the equation, g represents the vector quantity of the direct emission intensity of each sector, and D t represents the sum of carbon emission of relevant sectors at the t sector.
From Equation (6), the following conclusions can be obtained: (1) To meet the demand for the final product, the total carbon emission is equal to the sum of the direct carbon emissions of relevant sectors at all levels in the supply chain; (2) In order to meet the demand of the product output of sector s at level L t of supply chain, the total carbon emission is equal to the sum of the direct carbon emissions of product output of sector s and the direct carbon emissions of all relevant sectors at all levels upstream.
The formula is:
Definition 3. Embodied carbon flow. It refers to the carbon flow that is embodied in resources and flows into a certain sector in the form of carbon to meet the demand for the final or intermediate products. The embodied carbon flows into a sector comes from the input of resources from different sectors at multiple upstream levels. The size of the embodied carbon flows depends on the amount of resources and their carbon content the sector receives. The embodied carbon flow in a sector may flow to different paths when flowing downstream, and its proportion in each path depends on the actual situation of production activities.
Let y i denotes the product demand of sector i at L 0 level, and y is the vector quantity of the final product demand vector of level L 0 , and the formulas of the direct carbon emission, the total emissions and embodied carbon flows generated by relevant sectors at all levels in the supply chain to obtain products or resources are as shown in Table 2 . Table 2 . Models of direct carbon emissions, total emissions, embodied carbon flows of sectors.
Models Direct Carbon Emissions for Product Output Embodied Carbon Flows Total Emissions for Product Output
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Results
The carbon flows and emissions embodied in the forest pulp supply chain are calculated based on the material flow, and the material balance between inputs and outputs at all levels is a major factor to consider [27] . In the opposite direction of the supply chain, the embodied carbon flow emissions are calculated based on the demand for paper products. According to the survey, Stora Enso mainly produces two major types of products: paper and commercial pulp board. Based on the above calculation model, the embodied carbon flows and direct carbon emissions of each sector in the supply chain are calculated with the product demand of 1000 t paper and 500 t commercial pulp being the reference objects, and the results are marked on Figure 4 . As can be seen in Figure 4 , carbon in the forestry-pulp and paper supply chain has a variety of spatial and morphological changes. Carbon, derived from the growth of forests in raw material plantations, through various links in the supply chain, including forest harvesting, transportation, chip processing, pulp-making and paper-making, finally goes to dealer repositories around the globe. From forest tending to the final consumption of paper products, the process also leads to a series of changes in the carbon form. The carbon changes from atmospheric CO 2 to biomass, and then changes back to gas state in the atmosphere through production, distribution, use and disposal of finished and semi-finished products at all stages of the supply chain or preserved in other forms. In the supply chain, there is a kind of virtual carbon flows that exists in various processes, such as the thermal energy generated by the boiler and the heat generated by the alkali recovery department, which is supplied to the pulp and paper sector. This recycling of energy reduces dependence on external energy and emissions. The virtual carbon flow does not produce a true carbon stream and is therefore referred to as a virtual carbon flow [28] [29] [30] . In Figure 4 , the virtual carbon flow is indicated by dotted lines.
It should be noted that depending on the multi-level input-output relationship in the supply chain, the demand for the final product may result in carbon emissions from upstream relevant sectors. By the same token, the use of products can also lead to carbon emissions from downstream sectors, such as the distribution and use of paper products, as well as waste disposal that produces large amounts of carbon emissions. The product of emission intensity, product vector and input-output matrix can calculate the emission result.
The results of Figure 4 explain the life cycle of carbon in the forestry-pulp and paper supply chain and its changes at all levels. As can be seen from the figure, the carbon source in the forest pulp supply chain mainly includes carbon dioxide in the atmosphere, petrochemical energy, coal, heavy oil, paper filler, limestone, and other auxiliary fuels. The carbon emissions are produced from petrochemical energy consumption, root and branch decay, raw coal burning, bark and sawdust burning, auxiliary fuel such as heavy oil combustion, black liquor burning, limestone calcination, pulping exhaust emission, waste treatment, etc.
In carbon supply chain, the following basic principles of carbon balance are followed: (1) For any network node, the sum of carbon inflows equals the sum of carbon outflows (including carbon emissions), and it is expressed as:
where n represents network node, f i represents carbon inflow, f o represents carbon outflow embodied in resources, and e n represents direct carbon emissions generated in network nodes.
(2) For any network path, the sum of carbon inflows equals the sum of carbon outflows (including carbon emissions), and it is expressed as:
where p denotes the carbon flow path in the network, f i denotes carbon inflow of all the nodes in the path, f o denotes the carbon outflow embodied in the resource of all nodes in the path, and e denotes the direct carbon emissions of all the nodes in the path.
The virtual carbon flow comes from the carbon emission of thermoelectric energy provided to other sectors by the thermoelectric sector, and specifically as follows:
The left side of the equation represents the sum of carbon emissions from thermal energy consumption. The first term on the right side of the equation represents the sum of the virtual carbon flows generated by the thermoelectric sector to the production sector, and the second represents the sum of the virtual carbon flows generated by the thermoelectric sector to other sectors. Only the virtual carbon flows produced by the thermoelectric energy used by the pulp and paper sector are estimated in Figure 3 . The virtual carbon flows actually represent the carbon transfers among different sectors.
The figure shows the changes in state and quantities of embodied carbon flows and emissions in the forestry industry. The data on the arrows show the amount of carbon flows on the network to meet the demand of the final product and the amount of direct carbon emission of each sector. Dashed arrows indicate the virtual carbon flows caused by the thermoelectric energy supply. The landscape can be networked and divided into several levels from which the mathematical models were proposed and the analyses were conducted.
Discussion
Processing of Complex Carbon Landscape Network
For the carbon network modeling and computing, the complex network structure is the first issue [31, 32] . As can be seen from Figure 2 , there are mainly two kinds of network structures: parallel branch structure and cyclic structure [23] . It is necessary to identify these two complex structures through algorithms and to carry out the necessary processing to achieve carbon quantitative analysis using a multi-level carbon flows and carbon emissions model.
Parallel branch structure refers to a node with more than two branches, as shown in Figure 5 . In Figure 5 , there are parallel branches T3-P41-T7-P9 and T3-P42-T4-P51. The demand of sector P41 will cause changes in carbon flows and carbon emissions of sectors P42 and P51. In Figure 2 , there is more than one similar situation. For example, changes in market demand for paper products will also lead to changes in carbon flows and carbon emissions in wastewater treatment sectors.
Parallel branch structure refers to a node with more than two branches, as shown in Figure 5 . In Figure 5 , there are parallel branches T3-P41-T7-P9 and T3-P42-T4-P51. The demand of sector P41 will cause changes in carbon flows and carbon emissions of sectors P42 and P51. In Figure 2 , there is more than one similar situation. For example, changes in market demand for paper products will also lead to changes in carbon flows and carbon emissions in wastewater treatment sectors. On the basis of material balance, using a certain algorithm can effectively solve the above problems. The specific algorithm steps are as follows: (1) Looking for T1, the ancestor node of two branches C-D and E-F in the network; (2) Measuring the relations between two child nodes under the ancestor node through the input-output matrix, namely, the proportional relations between C and E; (3) Measuring the influence of the change of E on F on the E-F branch according to the input-output matrix; and (4) Measuring the quantitative relations between D, E, and F. Through the above steps, the embodied carbon flows and carbon emissions of sectors E and F caused by the demand of sector D are calculated.
Cyclic structure refers to the directed cycle structure in the network. It is of great theoretical and practical significance to separate the cyclic structure from the one-way network. An important feature of a cycle is its positive feedback. The positive feedback is self-reinforcing and the increase of any elemental output in the cyclic structure will lead to an increase of the initial flow. For example, in Figure 6 , the increase in the amount of P61 waste paper leads to an increase in the amount of recycled paper. In fact, purely cyclic structure cannot exist independently, and it must depend on the direct current system. Cyclic structure interacts with upper and lower level environment of the On the basis of material balance, using a certain algorithm can effectively solve the above problems. The specific algorithm steps are as follows: (1) Looking for T1, the ancestor node of two branches C-D and E-F in the network; (2) Measuring the relations between two child nodes under the ancestor node through the input-output matrix, namely, the proportional relations between C and E; (3) Measuring the influence of the change of E on F on the E-F branch according to the input-output matrix; and (4) Measuring the quantitative relations between D, E, and F. Through the above steps, the embodied carbon flows and carbon emissions of sectors E and F caused by the demand of sector D are calculated.
Cyclic structure refers to the directed cycle structure in the network. It is of great theoretical and practical significance to separate the cyclic structure from the one-way network. An important feature of a cycle is its positive feedback. The positive feedback is self-reinforcing and the increase of any elemental output in the cyclic structure will lead to an increase of the initial flow. For example, in Figure 6 , the increase in the amount of P61 waste paper leads to an increase in the amount of recycled paper. In fact, purely cyclic structure cannot exist independently, and it must depend on the direct current system. Cyclic structure interacts with upper and lower level environment of the direct current system. Odum found that the degree of cycle could be used as an important indicator to measure the maturity of complex systems [33] . direct current system. Odum found that the degree of cycle could be used as an important indicator to measure the maturity of complex systems [33] . The processing algorithm of the cyclic structure is as follows: (1) Finding a simple cycle in the network and identifying the key arc of each cycle. The key arc refers to the arc with the minimum flow in the cycle; (2) Eliminating all the cycles by subtracting the flow of the key arc from the flow of all the arcs in the cycle; (3) Repeating process (1) and (2), eliminating all the cycles, and only leaving the direct current network. For situations where two or more cycles share a key arc, flow on the key arc is distributed to each cycle based on a certain ratio according to the actual production situation.
Looking for Hot-Spot Carbon Emission Sources and Hot-Spot Carbon Emissions Paths
As can be seen from the carbon emission model in Table 2 , the more levels of a supply chain, the lower the impact of upstream resource inputs on the output of downstream products with long-range distances. However, this does not mean that carbon emission from relevant upstream sectors caused by the demand of downstream products in the supply chain will be small. The situation may be just the opposite. In order to meet market demand for products, the supply chain will produce a large number of indirect emissions in the relevant sectors. Calculated from Figure 2 , the production of per unit mass paper products may cause a lot of carbon emissions in sectors such as the thermoelectric production, pulping, and forest harvest.
The key to determining the total amount of carbon emissions is the hot-spot carbon sources [34, 35] . From Figure 4 , the source of hot-spot carbon emissions in the life cycle of forestry pulp paper products can be calculated. The calculation results are shown in Figure 7 . The carbon emission reduction measures in forestry-pulp and paper companies need to focus on four hot-spot carbon emission sources such as thermal power generation, alkali recovery, pulping and burning, The processing algorithm of the cyclic structure is as follows: (1) Finding a simple cycle in the network and identifying the key arc of each cycle. The key arc refers to the arc with the minimum flow in the cycle; (2) Eliminating all the cycles by subtracting the flow of the key arc from the flow of all the arcs in the cycle; (3) Repeating process (1) and (2), eliminating all the cycles, and only leaving the direct current network. For situations where two or more cycles share a key arc, flow on the key arc is distributed to each cycle based on a certain ratio according to the actual production situation.
The key to determining the total amount of carbon emissions is the hot-spot carbon sources [34, 35] . From Figure 4 , the source of hot-spot carbon emissions in the life cycle of forestry pulp paper products can be calculated. The calculation results are shown in Figure 7 . The carbon emission reduction measures in forestry-pulp and paper companies need to focus on four hot-spot carbon emission sources such as thermal power generation, alkali recovery, pulping and burning, and landfill of waste paper, and their total carbon emission accounts for over 75% of the total. Taking into account that biomass emission factors such as the bark and sawdust biomass fuel combustion emissions, branch and roots biomass decay emissions, waste landfills and building material production have a long carbon locking cycle, we exclude them. In this case, the total emissions of thermoelectric production, alkali recovery and pulping still account for more than 70% of the total emissions in the forestry-pulp and paper supply chain. Identifying hot-spot carbon sources in the supply chain helps companies take targeted actions to ensure the environmental and economic sustainability of their business practices. . Hot-spot carbon emission sources and the proportion (1000 t paper and 500 t pulp demands as the standard). Figure 8 . Emissions of hot-spot carbon emission paths and the proportion (1000 t paper and 500 t pulp demands as the standard).
Low-Carbon Development Path
The forestry-pulp and paper industry is an energy-intensive industry of high pollution and emission. Under various external pressures such as government environmental regulation and local requirements of community health, it is necessary for companies to seek low-carbon and environment-friendly development. Low-carbon development requires innovative technical and practical measures. Its innovation and transformation may involve three levels of problems: process innovation; system innovation; and collaborative innovation [36, 37] . Process innovation means increasing production efficiency through incremental innovation along well-designed technological paths such as replacing fossil fuels with biomass energy, replacing old raw materials with new raw Figure 7 . Hot-spot carbon emission sources and the proportion (1000 t paper and 500 t pulp demands as the standard).
The hot-spot carbon flow path refers to a passage made up of multiple adjacent sectors with a much embodied carbon flow and a large direct emission. The sectors on hot-spot carbon flow paths are all important production and operation links in the supply chain, and they are distributed in different stages of the product life cycle and reveal the main state changes and possible spatial distribution of carbon elements. In actual production, people are more concerned with the sections with large carbon emissions instead of the entire path, in order to accurately implement the equipment technology upgrade or technological process improvement measures, and to effectively reduce the carbon emissions of this section. According to the results of Figure 4 , the typical hot-spot path with the largest emissions is shown in Figure 8 .
The forestry-pulp and paper industry is an energy-intensive industry of high pollution and emission. Under various external pressures such as government environmental regulation and local requirements of community health, it is necessary for companies to seek low-carbon and environment-friendly development. Low-carbon development requires innovative technical and practical measures. Its innovation and transformation may involve three levels of problems: process innovation; system innovation; and collaborative innovation [36, 37] . Process innovation means increasing production efficiency through incremental innovation along well-designed technological paths such as replacing fossil fuels with biomass energy, replacing old raw materials with new raw materials, and integrating CO 2 capture technology into process design. System innovation refers to the transformation of existing technology development path, such as researching and developing new processes to enhance energy efficiency, or directly using the new low-carbon production system to replace the old production system. Collaborative innovation is that to overcome the pressure and risk of Research and Development costs, some companies work together to jointly implement low-carbon innovation activities, including cooperation of upstream and downstream companies in a supply chain and cooperation between companies and external scientific research institutions in a supply chain. It also includes cooperation between manufacturers and resource providers. For example, the forestry-pulp and paper companies need to lease the farmer's land for long-term cultivation of raw material plantations. Figure 7 . Hot-spot carbon emission sources and the proportion (1000 t paper and 500 t pulp demands as the standard). Figure 8 . Emissions of hot-spot carbon emission paths and the proportion (1000 t paper and 500 t pulp demands as the standard).
The forestry-pulp and paper industry is an energy-intensive industry of high pollution and emission. Under various external pressures such as government environmental regulation and local requirements of community health, it is necessary for companies to seek low-carbon and environment-friendly development. Low-carbon development requires innovative technical and practical measures. Its innovation and transformation may involve three levels of problems: process innovation; system innovation; and collaborative innovation [36, 37] . Process innovation means increasing production efficiency through incremental innovation along well-designed technological paths such as replacing fossil fuels with biomass energy, replacing old raw materials with new raw materials, and integrating CO2 capture technology into process design. System innovation refers to the transformation of existing technology development path, such as researching and developing new processes to enhance energy efficiency, or directly using the new low-carbon production system to replace the old production system. Collaborative innovation is that to overcome the pressure and risk of Research and Development costs, some companies work together to jointly implement low-carbon innovation activities, including cooperation of upstream and downstream companies in a supply chain and cooperation between companies and external scientific research institutions in a supply chain. It also includes cooperation between manufacturers and resource Figure 8 . Emissions of hot-spot carbon emission paths and the proportion (1000 t paper and 500 t pulp demands as the standard).
Regarding the low-carbon emission reduction activities, we conducted a survey on Stora Enso (Guangxi) Co., Ltd. and found that it has made efforts both internally and externally. Internally, the company focuses on process innovation, strives to use new technologies, and continually optimizes product structure and production processes. Externally, the company values cooperation with upstream and downstream partners to try new low-carbon raw materials, improve energy efficiency, and reduce the use of fossil fuels. In the company's external image, it pays attention to fulfilling corporate social responsibility and publicizing the concept of low-carbon environmental protection. Stora Enso is an important practitioner of "forestry-pulp and paper integration". The company makes full use of biomass, such as black liquor, bark and wood chips, to produce energy, which makes itself a long-term biomass energy producer and user reducing their dependence on fossil fuels and carbon dioxide emissions. At the same time, the company also puts forward the basic requirements for sustainable development for all suppliers and contractors from the perspective of low carbon environmental protection. Despite this, government departments, researchers, NGOs, and local community parties still have debates about the impact of businesses, including the impact of eucalypt planting on soil and water conservation and biodiversity, pollutant emissions, and wastewater treatment. The contradiction in land leasing also exists together. Based on the research, this paper summarizes and analyzes the low carbon innovation of companies from the perspective of supply chain. For the forestry-pulp and paper supply chain, the types of innovations, technology types, technical measures, technology maturity, carbon emission reduction potential, and implementation barriers involved in low-carbon development are shown in Table 3 below. Each low-carbon innovation strategy will achieve significant direct carbon reductions. However, from the results of this paper, there is another side. From the perspective of full life cycle, the introduction of new technologies, new equipment, new energy sources and new raw materials may lead to a large number of indirect carbon emissions in the upstream supply chain. For example, biomass energy is considered as green energy, but its manufacturing generates large amounts of carbon emissions. While new low-carbon equipment has high energy efficiency in operation, its own R & D and production generate large amounts of carbon emissions. Therefore, the existence of indirect carbon emissions greatly reduces the effect of low-carbon technological innovation [3] . It is noteworthy that companies are in the pursuit of maximized profits in business, and due to high marginal costs of low-carbon transformation and innovation, companies generally do not take the initiative to choose low-carbon development. This requires the government to formulate a vigorous environmental regulation policy and tax preferential policies to encourage companies to implement environment-friendly development. At the same time, the government adopts strict regulatory measures [38] and requires companies to actively explore new low-carbon development paths from the perspective of value chain integration [39, 40] .
Conclusions
This paper proposes and establishes a multi-level forestry-pulp and paper supply chain model, which divides the various sectors and their production activities into levels, and thus establishes an input-output model. Based on the supply chain model the landscape of the embodied carbon flows and carbon emissions were constructed. Taking Stora Enso, Guangxi, China, a multinational forestry-pulp and paper company as an example, this paper calculates embodied carbon flows and carbon emissions in the forestry-pulp and paper supply chain. This paper further analyzes the complex carbon network structure, finds hot carbon sources and hotspot carbon emission paths, and proposes strategies for low carbon innovation and development. The research results show that: (1) A supply chain is a new idea and carrier to study the spatial and state changes of carbon, and also provides a platform for spatial landscape analysis of carbon; (2) The modeling and calculation of carbon flows and emissions offer a new solution of evaluating the environmental performance of companies with high pollution and emission such as forestry-pulp and paper companies, and provide the government effective technical support to implement environmental regulations and formulate carbon emission reduction policies.
The establishment of a carbon landscape is of significance for positive theoretical exploration and practical guidance in production management. In theory, carbon flows and emissions modeling have become important areas production management research. However, to deeply understand the close relations among the units in the production supply chain, it is necessary to map all aspects of the production to evaluate the impact of various types of direct and indirect resource inputs on the environmental performance, and to introduce low-carbon measures to reduce emissions. The embodied carbon landscape provides such an integrated thinking and platform that integrates market product demands and corporate low-carbon strategies into supply chain management, including raw material production, supply, product manufacturing, distribution, transportation, use, and waste recovery, to realize the optimization and improvement of the environment performance. 
